Abstract Biological photosynthesis utilizes membranebound pigment/protein complexes to convert light into chemical energy through a series of electron-transfer events. In the unique photosystem II (PSII) complex these electron-transfer events result in the oxidation of water to molecular oxygen. PSII is an extremely complex enzyme and in order to exploit its unique ability to convert sunlight into chemical energy it will be necessary to make a minimal model. Here we will briefly describe how PSII functions and identify those aspects that are essential in order to catalyze the oxidation of water into O 2 , and review previous attempts to design simple photo-catalytic proteins and summarize our current research exploiting the E. coli bacterioferritin protein as a scaffold into which multiple cofactors can be bound, to oxidize a manganese metal center upon illumination. Through the reverse engineering of PSII and light driven water splitting reactions it may be possible to provide a blueprint for catalysts that can produce clean green fuel for human energy needs.
Introduction
One of the most exciting and devastating events in the history of the earth occurred 2 to 3-billion years ago; primitive bacteria acquired the ability to split water into O 2 using the energy from sunlight. This event turned the world upside down since all life at that time existed in a purely anaerobic environment. Organisms were forced to develop ways to prevent oxidative damage or else faced extinction. Today multicellular organisms thrive in an oxygenic environment by using aerobic respiration for energy conversion (Blankenship 2002) .
At the heart of oxygenic photosynthesis is photosystem II (PSII), the light-driven oxido-reductase that catalyzes the oxidation of water into molecular O 2 and the reduction of plastoquinone to plastoquinol (Wydrzynski and Satoh 2005) . This enzyme utilizes sunlight to catalyze the most energetically demanding reaction in biology-the formation of the O-O bond. PSII is one of the most elaborate nanoscale biological machines which has evolved only once in Nature.
Over millennia a vast amount of carbon-based material was laid down from oxygenic photosynthesis and converted into the fossil fuels we use today-coal, oil, and natural gas. Human energy consumption has climbed to such levels that we have now reached a critical crossroad in energy utilization. To prevent further release of greenhouse gases, alternative energy sources need to be found. Understanding oxygenic photosynthesis and being able to exploit its ability to directly convert sunlight and water into clean fuel is now taking on a greater priority in research centers worldwide. The initial charge separation events in PSII have a remarkable efficiency of approximately 90% making it extremely attractive to mimic this system. Development of equally efficient catalysts would provide for cheap and renewable fuel sources. The production of hydrogen ions that can be converted into hydrogen gas is now being promoted as the next generation clean fuel for transport and much research is focused on developing such technologies (Kruse et al. 2005 ; Lewis and Nocera 2006) . The first step toward this goal is to replicate PSII function in a well-defined, robust supporting matrix. The following sections outline the photosynthetic capture of energy and describe our reverse engineering approach for developing PSII model proteins.
Photosystem II

The reaction center
The primary photochemical event in PSII is the critical transmembrane charge separation. Upon absorption of a photon, an electron in the PSII P680 chlorophyll complex is promoted from the ground state to the excited singlet state and is poised to undergo electron transfer to the primary electron acceptor, a pheophytin, which rapidly transfers this electron to the first and second quinone acceptors (Q A and Q B ). Spatial separation of the positive and negative charges by a distance greatly reduces the chances of recombination and the charges are stabilized.
The P680 ?• radical is a strong oxidant (E 0 *1.2 V) that is reduced by the proximal tyrosine (Y Z ). This is believed to be coupled to a deprotonation reaction generating the neutral Y Z
• radical (Rappaport and Diner 2008) , which then oxidizes the Mn 4 Ca cluster. For each photon-induced charge separation event at P680, the Mn 4 Ca cluster advances one oxidation state termed S0-S4. After four such photo-events (S4), molecular oxygen and protons are released and the Mn 4 Ca cluster reverts to its original oxidation state (S0) ( Fig. 1) (Yachandra 2005) .
The Oxygen evolving complex: models and mechanisms
The oxygen evolving complex (OEC) of PSII is a unique functional motif in biology not only because it can oxidize water but also because of the five metal ions that are bound within the one catalytic site. The Mn 4 Ca structure is directly ligated by glutamate, aspartate, histidine, and alanine residues (Ferreira et al. 2004; Sproviero et al. 2006; Yano et al. 2006 ) and potentially by a tyrosine (Y Z ) (Loll For each photon of light that is absorbed by the P680 chlorophylls one electron is sent via a pheophytin to Q A and finally Q B which dissociates from the membrane once it is doubly reduced and is replaced by an oxidized quinone. For each electron ejected from the P680 complex an electron is taken from the manganese center until the fourth and final electron is taken which oxidizes water into O 2 and 4H
? ions. The redox potentials in Volts for the individual components are P680
? /P680* -0.55, Pheo D1 /Pheo D1 --0.37 to -0.5, Q A /Q A --0.03, Q B /Q B -?0.07, Tyr Z ox /Tyr Z ?1.2, Mn4 cluster-S 1 /S 2 , S 2 /S 3 , S 3 /S 0 ?1.12, ?1.14, and ?1.08 (Rappaport and Diner 2008) et al. 2005 ). This complex is linked via l-oxo bonds between the Mn ions. The accumulation of oxidizing potential is assumed to take the form of incremental changes in the formal oxidation states of the Mn ions in the OEC. The 4 electron S-state cycle is predicted to begin in the S 0 state as Mn 4 (III,III,III,IV) (Kulik et al. 2007 ) and progresses to Mn 4 (III,III,IV,IV) in the S 1 state (Sauer et al. 2005; Yachandra 2005) , finally reaching Mn 4 (III,IV,IV,IV) in the S 2 state (Kulik et al. 2007 ). The S 3 state is predicted to be a ligand centered oxidation event with no change in the formal Mn oxidation states (Messinger et al. 2001 ) though this theory is still a topic of debate . At the S 4 state water is split and the whole complex resets itself to the S 0 state. It is unknown whether the Mn 4 center undergoes a transient elevation of oxidation state in the S 4 state before water is oxidized. However it appears unlikely that a Mn(V) manganyl species is formed during any part of the cycle (Weng et al. 2004) .
A distinctive property of the OEC is not so much that it can produce oxygen, as catalases can also do this, but that it produces an O-O bond. There are no other known examples in nature where such a bond is formed between two H 2 O molecules without long lived intermediates like H 2 O 2 being released (Armstrong 2008) . The extrinsic proteins are thought to help stabilize this reaction by shielding the OEC from the bulk solvent water and by providing channels that deliver substrate (H 2 O) and permit an orderly exit of products (O 2 , H ? ). This idea was first promoted by Wydrzynski et al. (1996) and since then analysis of the crystal structures has revealed several channels that potentially aid in the transport of O 2 and H 2 O (Ho and Styring 2008; Murray and Barber 2007) . These channels would undoubtedly be involved in limiting substrate access aiding catalysis and reducing the possibility of damaging side reactions.
The Mn ions themselves are thought to bind the substrate water molecules. Two separate binding sites have been identified from 18 O isotope exchange measurements revealing a slow and a fast exchanging site (Messinger et al. 1995) . Through the use of specialized EPR techniques it has been shown that a solvent water-molecule definitely ligates directly to a Mn ion at one of the exchange sites (Su et al. 2008) . The slow exchanging site is due to ligation of the solvent water-molecule to the Ca and another Mn ion (Hendry and Wydrzynski 2003; Debus 2005; Ho and Styring 2008; Murray and Barber 2007) .
There are a large number of theories on the mechanism of O-O bond formation in the S 4 state of PSII. Experimental evidence suggests that the delay in cycling from S 3 through S 4 back to S 0 is due to a proton extraction event (Clausen et al. 2004; Haumann et al. 2005) . The driving energy is small for the S 3 and S 4 states and thus proton removal events are definitely of major importance. The proton release pattern from the OEC in the four S-states (S 0 ?S 1 , S 1 ?S 2 , S 2 ?S 3 , and S 3 ? [S 4 ]?S 0 ), appears to be 1,0,1,2 McEvoy and Brudvig 2006) . Far from suggesting a mechanism for O-O bond formation I would refer the reader to several articles that discuss the different possibilities that could apply given the latest refinements in structure (McEvoy et al. 2005; Messinger 2004; Siegbahn 2006 Siegbahn , 2008 .
Why manganese?
In order to function, the OEC can only use manganese and no other metal ions. The calcium ion is not so specific as it can be replaced with strontium, but there are no functional substitutes for Mn (Boussac et al. 2004) . One may speculate that plants initially utilized Mn because of its high availability as the aqua ion Mn(H 2 O) 6 2? in aqueous solution. This Mn(II) cation is very stable, exchanges ligands rapidly and forms soluble salts; this coupled with its high natural abundance and the fact that a cell's requirements for Mn are very low means that supply usually exceeds demand. Once taken up by an organism, Mn will tend to remain as Mn(II) unless it is captured by ligands that favor its oxidation to Mn(III) and Mn(IV) (Armstrong 2008) .
The energetics of O 2 formation from H 2 O are such that at pH 7, formation of free molecular O 2 requires an energy input of 0.82 V per electron, with a sum total of 3.68 eV for 4 electrons and 4 protons to be removed (Krishtalik 1986) . PSII has only *1.2 eV potential provided by P680
? , and so the reaction has to be split into 4 single electron-transfer steps in order for the reaction to proceed . To carry out such a reaction it is necessary for the OEC to contain multiple electron donors that are able to cycle through different oxidation states to store the built-up charge. Transition metals are the obvious choices for such a catalyst as these ions commonly have multiple stable oxidation states, due to the relative ease of removing d-electrons (Cowan 1996) . Nature uses many different first-row d-block elements such as V, Mn, Fe, Co, Ni, Cu, and Zn. As we move across the 3d row, the highest accessible oxidation states and the number of accessible oxidation states increases up to Mn then decreases to Zn where only the Zn(II) state is observed. This is mainly a product of ionization energies which increase across the row and for each electron removed. Not only does Mn display a greater range of oxidation states than other 3d metals, but all the simple higher states, from Mn(III) upward, are hydroxo-or oxospecies with reduction potentials in the ranges of O-transformation reactions (Armstrong 2008) .
Of all the transition metals iron has the most similar chemistry to that of manganese. Fe(II), (III), and (IV) have been reported in biological systems. A multitude of enzymes utilize Fe(II)/(III) chemistry and enzymes, such as iron catalase and peroxidase, employ an Fe(IV)=O species from heme iron. Like manganese, iron also has preferences for oxygen ligands in higher oxidation states (Hersleth et al. 2006) .
Mn can reach a large number of oxidation states with the biologically relevant states being the (II), (III), and (IV) states. Mn(II) has a ligand preference for O-donors, although compared with either Mg or Ca, it does have a greater tendency to bind to N-donors. The intrinsic stability of Mn(II) arises from the electron configuration 3d 5 , where the d-shell is half filled. This configuration is favored due to optimal exchange energy, making it difficult to remove the fifth d-electron, so Mn(III) compounds are particularly oxidizing. The difficulty in stabilizing Mn(III) decreases as ligands with good donor properties are introduced. A good example of this is bicarbonates ability to ligate and stabilize Mn lowering the IV/III reduction potential from 1.5 to 0.6 V (Dasgupta et al. 2006; Kozlov et al. 2004) . Mn(IV) complexes regularly contain bridging or terminal oxoligands, and polynuclear Mn-O clusters of mixed valency are common. Owing to its d3 configuration, Mn(IV) should favor octahedral geometry. Mn(IV) is rarely found in biology, the only enzymes where this high oxidation state is found naturally is in the OEC of PSII and more recently it was found as a mixed Mn(IV)/Fe(III) cofactor in Chlamydia trachomatis ribonucleotide reductase (Jiang et al. 2007 ).
Design of photo-catalytic proteins
The PSII in higher plants is a highly complex, membranebased enzyme made up of at least 27 protein subunits and 32 cofactors involved in electron transfer and light harvesting (Wydrzynski and Satoh 2005) . The large size and complexity of this enzyme makes it difficult to work with and any mimic of this protein must by definition be simpler. Development of a minimalist photo-catalytic structural unit requires that only the essential redox cofactors of PSII are engineered into a simple framework. The essential cofactors for the function of PSII include: a bound plastoquinone electron acceptor; a high potential photo-oxidizable chlorophyll (Chl) complex; a redoxactive tyrosine; and a tetra-nuclear manganese/calcium cluster (Mn 4 Ca) i.e., quinone-Chl complex-tyrosinemanganese cluster (Fig. 1) .
The cofactors present in PSII are placed at specific positions in space by the protein framework. The amino acid residues responsible for binding these cofactors function not only as a scaffold but also to mediate the redox potentials of the cofactors bound. In the majority of enzymes redox midpoint potentials of bound cofactors are set such that electron transfer is unidirectional (Page et al. 1999; Rabanal et al. 1996) . The following section will detail electron-transfer principles necessary for engineering a photo-catalytic system and previous attempts to introduce light-activated pigments, electron acceptors, and electron donors within a protein framework in a redox active form.
Electron-transfer principles
In order for light-activated systems to operate a charge separated state must be accomplished through electron transfer between donor (D) and acceptor (A) molecules, at a rate faster than the relaxation of the excited state. Intraprotein electron transfer is typically rate-limited by tunneling through the insulating protein medium between the edges of the D and A redox centers. This electron tunneling is reasonably and accurately described by a simple exponential decay with distance Page et al. 1999) . The intervening protein medium also has some role to play in electron tunneling rates and a simple use of the packing density (q) to equate the tunneling barrier has been used successfully by Dutton et al. They have produced an empirical equation relating rate to distance:
where k et exer is the rate in units of s -1 , R is the edge-to-edge distance between redox cofactors and 3.6 represents van der Waals contacts in Å . The DG and k terms are in eV with a typical k value of 0.9 ± 0.2 eV. Because electrons can transfer across conjugated systems virtually instantaneously, electron transfer across the distance spanned by the ring systems does not contribute significantly to the electron-transfer time . This is implicit in the treatment summarized in Dutton's equation, and all electron-transfer distances are measured edge-toedge between the nearest atoms in the conjugate systems of D and A.
Work in Harry Gray's lab has led to some refinement of this picture (Gray and Winkler 1996; Winkler et al. 1999 ). They measured electron-transfer rates from ruthenium and rhenium complexes attached via histidines to redox proteins with different secondary structures, positioned using site directed mutagenesis. Secondary structure was found to affect electron tunneling with this process being highly anisotropic. Tunneling across alpha helical pathways was found to slow transfer, however, tunneling along more linear b-strand like pathways produced faster electron transfer (Gray and Winkler 1996; Winkler et al. 1999; Winkler and Gray 1997) .
Much more important than packing density is that of driving force (DG°). This is estimated from the difference in the redox midpoint potentials (E m ) between donor and acceptor, assuming that redox centers are not too close.
One other major factor that affects tunneling rates is that of reorganization energy (k). Reorganization energy is defined as the energy required for all structural adjustments in the nuclear geometry of reactants and the surrounding solvent molecules, which are needed in order that D and A molecules assume the configuration required for the transfer of the electron. The charge distribution can be quite different in the charge-separated state and must be accommodated through alteration of the local dielectric via structural rearrangements. It can be viewed as an indirect measure of activation energy for the electron-transfer reaction. If the exergonic driving force of the reaction matches the reorganization energy for the reactions (DG = -k), then the tunneling rate will be activationless and as fast as possible. If the driving force is different from this optimal value, either less exergonic (Marcus normal region) or more exergonic (Marcus inverted region), the electron tunneling rate will decrease in an approximately Gaussian dependence of rate on driving force (Marcus 1956; Marcus and Sutin 1985) . If one or both donor or acceptor complexes is solvent-exposed then k can become quite large ([1 eV).
When engineering light-activated enzymes that mimic PSII, in order to produce a functional light-activated redox protein, it is necessary to understand and apply the physiological limitations of electron transfer. The main elements of protein-based electron tunneling that need to be accounted for are separation distance of donor acceptor molecules, driving force of the reaction, and reorganization energies.
Distance
Electron-transfer rates are mostly affected by the edge-toedge distances between D and A redox centers. Natural proteins with productive electron-transfer reactions have been found to have cofactors separated by not more than *14 Å Page et al. 1999 Page et al. , 2003 . Looking more specifically at the electron transport chain in PSII, the average redox cofactor separation distance is *10 Å for any one component and none are greater than 13.6 Å (Loll et al. 2005) . Therefore when engineering a light-activated electron transport chain it is wise to place all cofactors within 10-14 Å . Another important consideration is that cofactors should not be placed too close to each other so as to prevent energy wasting back reactions.
Driving force
For the purposes of engineering photo-active proteins, besides changing the cofactor distance, altering the driving force is probably the most tangible method of tuning electron-transfer reactions in a protein. Driving force is described by a Gaussian curve and as -DG 0 is increased, K et becomes maximal and then slows when -DG 0 [ k. This is a rather counter-intuitive effect that has been experimentally well documented (Marcus and Sutin 1985) . The region where -DG 0 [ k is called the inverted region. The value of DG 0 for light-induced electron transfer can be calculated by a method developed by Rehm and Weller (1970) . In the majority of engineered proteins, unless they are membrane proteins, the redox centers are likely to be at least partially solvent exposed resulting in large reorganization energies for electron-transfer reactions. In such cases it is necessary to utilize a highly oxidizing pigment so that the driving force will be large enough for electron transfer to occur.
It is possible to increase or decrease the oxidation potential of D and A centers in proteins by varying the protein environment. Several studies show that large changes in redox potentials for pigments and cofactors can be achieved by changing single amino acids in a protein sequence (Allen and Williams 1995; Gunner 1991) . Introducing hydrogen bonds into the inner sphere ligands of a cofactor can increase the redox midpoint potential substantially and removal of hydrogen bonds acts to decrease this potential.
Reorganization energies
Membrane-based proteins are ideal for engineering redox reactions with low reorganization energies due to D and A molecules being buried far from the polar solvent, but these proteins are extremely difficult to work with. The majority of light-activated proteins engineered so far tend to be small soluble 4-helix bundle proteins, which are easier to work with but have solvent-exposed donor and acceptor groups. This leads to high reorganization energies for electron-transfer reactions and thus a large driving force is desirable for these types of reaction centers.
Light-activated pigments
Chlorophyll
Attempts at producing mimics of PSII have centered on the introduction of a pigment into a peptide matrix. At first glance it would appear that a good way to incorporate a photoactive pigment would be to bind Chl as used in all reaction centers including PSII. Unfortunately it is very difficult to work with Chl due to its long phytyl tail, making the molecule very hydrophobic and not amenable to binding to smaller soluble proteins in solution. There are relatively few studies on the incorporation of Chl into nonphotosynthetic proteins (Chen et al. 2005; Eggink and Hoober 2000; Hughes et al. 2006; Kehoe et al. 1998; Meadows et al. 1998; Rau et al. Photosynth Res (2008) Satoh et al. 2001) , although recently a de novo amphiphilic protein containing a lipophilic domain was found to bind a Ni-BChl molecule (Noy et al. 2005 ).
Metal-substituted porphyrins
A surefire way to produce a light-activated pigment bound to a protein matrix is to chemically modify a covalently attached heme, such as those found in the c-type cytochromes. Removal of the heme iron using hydrofluoric acid and replacement with zinc produces the light-active zinc protoporphyrin (ZnPP) (Vanderkooi et al. 1976 ). B-type cytochromes have also been used successfully to bind light-activated pigments. The heme group in these proteins is not covalently linked to the protein which enables the removal of the heme b molecule from the binding pocket (Teale 1959 ) and replacement with light-active porphyrins (McGourty et al. 1987; Petersonkennedy et al. 1984; Simolo et al. 1984) . Upon light excitation ZnPP forms a triplet state with near unity efficiency (Ut = 0.9) which is long lived (s * 14 ms) (Sudha et al. 1984; Zemel and Hoffman 1981) . This has been utilized to study long-range electrontransfer reactions, such as those between proteins. Electronically excited ZnPP (Ho et al. 1985; McLendon et al. 1985) and also the free base porphyrin (Cheung et al. 1986) can act as electron donors. The rate of interprotein electron transfer has been measured in several protein-protein complexes, such as between Zn-hemoglobin and Fe(III)-cyt b 5 (Simolo et al. 1984 ) and between Zn-cyt c and cyt b 5 (McLendon et al. 1985; Qin and Kostic 1994) . These electron-transfer reactions are quite slow 10 3 -10 5 s -1 despite donor/acceptor distances of 8-10 Å . Interprotein electron transfer between Fe(II)-cyt c peroxidase and Fe(III)-cyt c has been utilized to measure physiological electron-transfer reactions. This suggested the reorganization energy associated with these interprotein electrontransfer reactions was approximately 1 eV (Cheung et al. 1986 ). The reported oxidative potentials, E(P/P ?• ), for zinc-substituted cytochromes in horseradish peroxidase, cytochrome c, and myoglobin are ?0.75 ?0.8, and ?0.98 eV, respectively (Cowan and Gray 1989; Kaneko et al. 1980; Magner and McLendon 1989) . More recently electron transfer has been reported in other metal-substituted proteins, such as ZnPP-substituted nitrite reductase (Bellelli et al. 1996) and cyt P450cam (Furukawa et al. 2000) . Triplet electron transfer from bound ZnPP to a quinone in solution has also been demonstrated by several groups (Fahnenschmidt et al. 2001; Satoh et al. 1997) .
One major drawback of utilizing ZnPP is that, due to triplet-state formation it produces a long-lived chargeseparated state which allows oxygen to readily react under aerobic conditions producing damaging reactive oxygen species. By utilizing b-type cytochromes, porphyrins which primarily donate an electron from the singlet state can be bound to the heme pocket. In particular success has been the use of zinc chlorin e 6 (ZnCe 6 ) which is very similar to heme b except for changes in the length of the carbon chains terminating in carboxylates and also addition of an extra carboxylic acid. This makes the pigment more soluble and easier to handle, while maintaining a high binding affinity for the heme site. ZnCe 6 is utilized as a photoactive pigment due to its strong Q Y absorption band in the red (*638 nm), and high estimated oxidation potential of *?1.1 eV (Hay et al. 2004 ). Zinc-substituted porphyrins exhibit penta-coordinate geometry and have only one amino acid axial ligand unlike heme b in which the central Fe ion exhibits bis-ligation and has two amino acid axial ligands, usually histidine or methionine. Razeghifard and Wydrzynski (2003) found that ZnCe 6 could be bound in place of heme in a de novo 4-helix bundle protein with two histidine residues acting as axial ligands. Upon replacing one histidine with phenylalanine, only half the amount of ZnCe 6 was bound, and upon replacing both histidines with phenylalanine, completely ablated ZnCe 6 binding. The bound ZnCe 6 could undergo some photochemistry after repetitive light flash illumination in the presence of an external quinone acceptor though with low yield (Razeghifard and Wydrzynski 2003) . Lightactivated electron transfer has also been demonstrated with ZnCe 6 bound within a de novo protein to a quinone electron acceptor in solution (Mennenga et al. 2006 ).
Flavins
Flavin molecules can be utilized to carry out photo-initiated electron transfer within proteins. Upon excitation flavin in solution was found to form a semiquinone species by abstracting an electron from a donor in solution, such as EDTA. The semiquinone was then capable of reducing cyt c Fe(III)-heme through an electron-transfer reaction (Ahmad et al. 1981) . Flavin derivatives covalently-bound to cysteine residues on the surface of cyt c, through disulphide bond, were shown to transfer an electron to the heme group within the protein and 1.2 eV reorganization energy was determined (Twitchett et al. 1997 ). Other work demonstrated that a flavin bound within the interior of a de novo designed heme-binding maquette could carry out electron transfer from the photogenerated semiquinone to the bound heme (Sharp et al. 1998 ).
Electron acceptors
The use of electron acceptors present in solution have major drawbacks in that they must be present in high concentration and the reorganization energies associated with electron transfer are large and thus produce low yields of electron transfer in artificial systems. In order to optimize electron-transfer reactions between cofactors it is ideal to bury the cofactors within the protein matrix to increase efficiency. There is a large number of electron transport chains present in natural systems that allow for transport of electrons across large distances. Within PSII, Chls, pheophytin's, and quinones are utilized. Quinones have been utilized extensively as electron acceptors due to their efficiency in transferring charge in natural systems.
Quinones
In PSII the first stable quinone electron acceptor is a specially bound plastoquinone molecule, Q A . This quinone is highly hydrophobic, having a long hydrocarbon side chain for binding purposes and membrane solubility. Engineering a binding site for plastoquinone in a protein is as difficult as engineering a Chl binding site, due to the fact that both have long hydrophobic tails. These natural quinones are not covalently bound to the protein, however, in artificial reaction centers covalent attachment is a more practical approach due to the inherent difficulties in designing a binding site. A quinone will covalently link to a free sulfhydro group (-SH), such as that found in cysteine, through a sulfur addition reaction (Redfearn 1965) . Hay et al. (2004) were the first group to make use of this novel addition reaction and by modifying the gene for cytochrome b 562 were able to place a cysteine residue within the interior of this protein and covalently attach a quinone molecule. The cytochrome b 562 was chosen as it is a small soluble 4-helix bundle protein (11.6 kDa) which has been extensively characterized both biophysically and structurally (Arnesano et al. 1999; Barker et al. 1996; Hamada et al. 1995; Moore et al. 1985; Robinson et al. 1997; Springs et al. 2002) .
Like all b-type cytochromes this protein binds a heme b molecule, therefore a mutation was made which placed a cysteine-bound quinone within *11 Å edge-to-edge distance of the heme group. The heme could then be removed and replaced with the light-active ZnCe 6 . When the cysteine site was covalently linked to a coenzyme Q (CoQ0) molecule that doesn't have the hydrophobic tail, and ZnCe 6 was bound in the heme pocket, light-induced electron transfer from the bound pigment to the bound quinone was achieved with approximately 20% efficiency compared with pre-reduced bound CoQ 0 (Hay et al. 2004) .
When other substituted quinones were analyzed, the rates of electron transfer differed by less than a factor of two, indicating that the chemical nature of the quinone molecule itself had little effect on the electron-transfer efficiency (Hay et al. 2004) . The relatively invariant electron-transfer rates and the large driving forces that were estimated for the various quinones analyzed also indicated that the electron transfer in the modified cyt b 562 is near the top of the Marcus curve with relatively large reorganization energies. Based on the quinone fluorescence emission properties, the cysteine-quinone binding site appears to be partially solvent exposed, which explains the large reorganization energies (Hay et al. 2004 ). Other methods for binding quinone's to proteins have been investigated using thiol addition reactions and addition-elimination reactions between the cysteine sulfur and thioether quinones (Li et al. 2005 ).
Electron donors
Tyrosine radicals
In order for PSII to function a tyrosine molecule positioned near the P680 complex is oxidized donating an electron to P680
? . The tyrosine radical is then reduced by an electron taken from the Mn 4 Ca complex. In producing a mimic of PSII it may be advantageous to involve a tyrosine residue to mediate the donation of electrons from the metal center.
The Gray laboratory, in their work on metal-modified redox proteins, produced a rhenium-based photosensitizer with a Re(II)/Re(I) redox pair reduction potential of 1.85 eV vs. SCE (Connick et al. 1995) . At pH 7.0 tyrosine has a redox potential of 0.83 eV relative to NHE (Tommos et al. 1999) , therefore the Re(II) should be a powerful enough oxidant to generate tyrosyl radicals at a high driving force. Di Bilio et al. (2001) showed that aromatic amino-acid radicals can be generated in rhenium modified proteins. A tyrosine could be selectively oxidized and the radical state trapped at low temperatures by preparing a rhenium-containing azurin sample in which the copper was substituted with zinc and a sacrificial oxidant was added to the medium. The irradiated freeze-trapped sample gave rise to an EPR spectrum with a line shape characteristic of that of a neutral tyrosyl radical (Di Bilio et al. 2001) .
Metal centers
It is quite difficult to engineer a light-activated group and an electron-donating metal center within one protein.
When looking for examples of light-activated oxidation of a metal center the vast majority of studies involve the use of ruthenium and rhenium-based photosensitizers covalently attached to the surface of proteins. These photosensitizers achieve extremely high driving forces, particularly the more recently developed rhenium adducts (Connick et al. 1995; Lin et al. 1996) . Utilization of ruthenium enabled demonstration of electron transfer from the heme-Fe in cytochrome c to a light-activated Ru 3?
complex (Chang et al. 1991) . Electron transfer has also been demonstrated from a copper ion bound within a Photosynth Res (2008) 98:687-700 693 ruthenium modified plastocyanin which is oxidized upon illumination of the ruthenium complex (Di Bilio et al. 1998) . Utilizing a rhenium complex attached to P. aeruginosa azurin with a sacrificial electron acceptor in solution, oxidation of a bound copper ion has been demonstrated with subsequent reduction of the oxidized rhenium complex (Connick et al. 1995; Di Bilio et al. 2001; reviewed in Miller et al. 2004 ).
Combining donor-tyrosine-pigment-acceptor
Utilizing large, natural enzymes is a good way to introduce multiple cofactors and produce a light-activated electron transport chain. The key advantage here is that the proteins selected should already contain features that facilitate the redesign of the protein. An elegant example of this approach is the modification of the bacterial reaction center (BRC) for PSII function . The bacteriochlorophyll dimer (BChl2), P870, in the BRC from the purple bacterium Rhodobacter sphaeroides has a relatively low redox potential (*500 mV) compared to P680 in PSII (*1.25 V). Lin et al. (1994) found that the reduction potential of the BChl2 in the reaction center is influenced by hydrogen-bonding interactions with surrounding side chains. In wild-type P870, a hydrogen bond is present between a histidine and one of the acetyl groups involved in the conjugated p-system of the bacteriochlorophyll dimer. Upon removal of this hydrogen bond by mutating the histidine to a phenylalanine, the BChl2 potential drops from 505 to 410 mV. Conversely addition of hydrogen bonds to the conjugated p-system raises the E m and the effects of these single-point mutations are additive. By using various single, double, and triple mutants, the BChl2 potential could be tuned within the range of 410-765 mV (Lin et al. 1994) . Subsequently a quadruple mutant was engineered in which the number of hydrogen bonds to the conjugated carbonyl groups of the dimer was maximized. The BChl2 reduction potential for this mutant was elevated to above 800 mV, however, this mutation was relatively unstable (Kalman et al. 1999 ). Hydrogen bonding with histidine tends to have the greatest effect on the midpoint redox potential, but the E m is also influenced by charge groups within the vicinity of the porphyrin head (Johnson and Parson 2002; Williams et al. 2001) . Therefore, by selectively modifying the interactions with the protein scaffold, P870 could be tuned to a much higher redox potential approaching that for P680 in PSII.
In addition to mutating the four residues, Kalman et al. (1999) introduced a tyrosine at positions analogous to the positions of the redox active tyrosine's in PSII (Y Z and Y D ), which following light excitation was oxidized and a tyrosine radical was observed (Kalman et al. 1999) . Measurements revealed that the tyrosyl radical was more prominent at higher pH values and modeling of the tyrosine mutations suggested that a H-bond was formed between the introduced tyrosine and a neighboring histidine residue (Narvaez et al. 2002) . By replacing the histidine with a non H-bonding residue, the E m of the tyrosine increased and the amount of oxidized tyrosine decreased. Therefore the E m and the extent of oxidation of the introduced tyrosine are dependent upon the availability of a proton acceptor group, characteristic of PSII (Diner and Britt 2005) .
In addition to the above modifications carboxylate residues were introduced by mutagenesis into the highly oxidizing reaction center at a site homologous to the manganese binding site of PSII (Thielges et al. 2005 ). This created a monomeric metal binding site that could bind Mn with a low dissociation constant (*1 lM). Upon illumination the bound Mn was able to reduce P870
? in a firstorder reaction. This same site was also found to bind Fe(II) which could be oxidized to Fe(III), upon illumination of P870 (Kalman et al. 2006 ).
Bacterioferritin as a mimic of PSII
The work carried out on the BRC is novel and of great interest, however, we have focused our research on utilizing minimalist protein scaffolds to engineer PSII activity. The large BRC enzyme is almost as complicated as PSII and thus difficult to utilize. Smaller proteins tend to be more robust than the much larger photosystem complexes and are often better characterized with higher resolution crystal structures. These smaller proteins have an added advantage in that they can be produced in large amounts through bacterial expression systems. Though simple robust proteins are easier to handle these minimalist protein models still have to be large enough to accommodate binding several redox active cofactors to carry out PSII function.
In order to engineer a protein with a metal center and a light-activated porphyrin, it was necessary to choose a reasonably large protein scaffold. To this end we have chosen the bacterioferritin (BFR) protein from E. coli, which has many useful design features. Bacterioferritin also known as cyt b 1 (Smith et al. 1988 ) is a soluble oligomeric protein consisting of a 4-helix bundle with a molecular mass of 18.5 kDa. This protein acts to bind and store iron in bacteria (LeBrun et al. 1995a; Yariv et al. 1981) . It forms a homodimer from 2 identical protein subunits and 12 BFR homodimers which form together into a dodecamer to create a nearly spherical protein shell that surrounds a hollow cavity with a diameter of *8 nm. The cavity normally stores iron as ferric oxide, hydroxide, or phosphate minerals and is connected to the outer protein surface by channels. The unique spherical structure contains 12 hemes and 24 iron atoms.
In BFR a heme group binds symmetrically at the interface between the two identical subunits of the homodimer via bis-methionine ligation (Fig. 2 ). An atypical bis-axial ligation of the heme occurs through the sulfur atoms at equivalent methionyl positions (Met52) in each subunit (Cheesman et al. 1990; Frolow et al. 1994) . The function of the heme is unknown. The heme group can be removed (Teale 1959) and replaced with other similar structured but light-active porphyrins ).
The BFR protein was mutated to remove two histidines which extend into the aqueous solvent and could in theory non-specifically ligate to the central metal ion of any added porphyrins. The mutations H46R and H112R did not affect the structure or function of the protein . Upon titrating BFR with ZnCe 6 we found that the porphyrin was bound with a stoichiometry of close to one ZnCe 6 per two BFR subunits ). This result is consistent with the formation of the BFR homodimer and the binding of ZnCe 6 at the hydrophobic heme-binding pocket. The BFR-bound ZnCe 6 is photoactive and upon illumination an EPR-detectable radical signal at g = 2 is generated with a line-width similar to Chl cations (*9 G) (Lubitz et al. 2002) . The ZnCe 6 radical signal provides a convenient probe of the photo-activity.
Bacterioferritin contains a binuclear metal-binding site that links the four helices of the protein together and acts as a ferroxidase site, in which Fe(II) is oxidized to Fe(III) by O 2 (LeBrun et al. 1995b ). The two Fe ions are ligated to four glutamate residues (Glu18, Glu51, Glu94, Glu127, one from each helix) and two histidine residues (His54, His130) (Dautant et al. 1998 ). Glu51 and Glu127 form dil-1,3-caboxylato bridges, where each oxygen atom is coordinated to a different Fe ion, while Glu18 and Glu94 form monodentate carboxylate ligands. His54 and His139 coordinate to the Fe ions separately through the N d nitrogen. The organization of the di-iron binding site is very similar to other class II di-iron proteins.
The original crystal structure of BFR was produced with Mn ions bound within the metal-binding site in place of iron (Dautant et al. 1998) . Acknowledging this fact EPR spectroscopy and isothermal titration calorimetry were used to demonstrate that Mn(II) binds at the di-iron binding site with two Mn ions binding per BFR protein . At low temperature (5 K) this di-manganese center shows a typical EPR signature for a weakly coupled Mn(II) dimer.
The EPR spectra of the g = 2 region reveals a radical signal that arises from an oxidized tyrosine residue. This radical signal appears only when Mn is bound to the protein complex, with subsequent quenching of the ZnCe 6 radical signal. The signal is generated in the light with a line-width of *25 G and hyperfine structure that is similar to the Y Z tyrosine radical in PSII ). Tyrosine radical formation has been observed during iron oxidation in human ferritin (Chenbarrett et al. 1995) , and due to the highly similar structures of bacterioferritin and ferritin it was anticipated that we would find a tyrosine radical in BFR. There are two highly conserved tyrosines that could participate in electron transfer between the ZnCe 6 and the metal center in BFR (Tyr25 and Tyr58). It is unknown whether the tyrosine is oxidized by the photooxidized ZnCe 6 or by O 2 through the bound Mn. Tyr25 is the most likely candidate for forming a radical as it is located between the heme binding pocket and the di-iron metal center, revealing a structural motif similar to the PSII motif (Fig. 3) .
The EPR analysis of the BFR, ZnCe 6 , and Mn complex enables monitoring of the Mn oxidation states. Illumination of this complex in the presence of an electron acceptor reveals dramatic changes in the spectra. The illuminated Fig. 2 A representation of the BFR homodimer taken from the crystal structure (PDB file 1BCF). A heme is bound at the interface of the two 4-helix bundles and a di-manganese metal center is bound at the center of each 4-helix bundle. About 12 of these homodimers form together to produce a large spherical ball structure parallel mode EPR spectrum of the Mn-bound BFR, ZnCe 6 complex is similar to that observed in the binuclear Mn complex of Lactobacillus plantarum catalase. The catalase produces a low field signal under certain conditions which was interpreted to arise from a Mn 2 (III, III) dimer (Whittaker et al. 2003) . So it appears that BFR with ZnCe 6 and Mn bound is able to oxidize Mn(II,II) to Mn(III,III), at least in a small number of active sites. This evidence is corroborated due to oxygen consumption by the complex in the presence of light, due to the formation of a single l-oxo bond between the Mn ions upon reaching a higher oxidation state ). The BFR protein matrix was chosen as it enables all cofactors to be situated within the protein with an edge-toedge distance approaching 10 Å (Fig. 3) . The tyrosine/Mn distance is shorter than other electron pathway cofactors and this is also found in PSII. In PSII the tyrosine acts as an intermediary for the stepwise oxidation of the Mn center by P680 (Ioannidis et al. 2008) . This is an important consideration in the design of an efficient model of electron transfer with a metal center as the donor group.
Limited attempts have been made in the generation of a protein-bound manganese center that acts as an electrondonor species. However, numerous synthetic di-manganese compounds have been produced as models of the OEC, of which several are able to catalyze the oxidation of water to molecular oxygen (Tagore et al. 2008) . These di-manganese inorganic complexes act in the presence of strong oxidants such as oxone (E m -1.44 eV) to produce oxygen (Limburg et al. 1999 (Limburg et al. , 2001 Poulsen et al. 2005) . The use of a di-manganese center in our protein-based system could therefore potentially facilitate the oxidation of water. Theoretically, by introducing mutations to the BFR system that increase the number of hydrogen bonds to the ZnCe 6 , the oxidation potential could be substantially increased. This would promote oxidation of the di-manganese center to the higher oxidation states that are necessary for water splitting.
What's next?
So far we have demonstrated that an electron-donating manganese center can be incorporated into a protein matrix with a light-activated porphyrin molecule and that lightinduced oxidation of this metal center via a tyrosine can be achieved. The next step in this process is to incorporate an electron acceptor within this protein matrix. To this effect we have recently engineered a bacterioferritin heterodimer which enables us to modify one protein subunit of the dimer separate to the other subunit (unpublished results). This heterodimer contains a light-active ZnCe 6 molecule a redox-active di-manganese center and also a covalently attached quinone electron acceptor (Fig. 4) . There are several advantages in using this minimalist approach to studying light-activated reactions. Each cofactor can be systematically included, allowing the characterization of its interactions with the protein environment. Because the PSII complex spans a membrane, research into its function usually requires progressively breaking down the complex with detergents. Such treatment can damage the reaction centers before they can be analyzed. Finally, the unique spherical dodecamer of dimers of the BFR model system has a large internal cavity of *8 Å , which enables reactions to be compartmentalized within the same molecular assembly. This allows oxidative and reductive processes to be separated across a protein interface. Our work is a prime example of the minimalist approach to designing photosynthesis and could represent the first steps toward producing a simple light-activated enzyme capable of oxidizing water.
Acknowledgments Financial assistance was provided by a grant from the Australian Research Council (ARC DP0450421) and ANU Postgraduate Scholarship. Thanks to Tom Wydrzynski for advice and review of the manuscript. Fig. 4 Bacterioferritin heterodimer with one subunit of the dimer changed relative to the other. This heterodimer contains a complete electron transport chain, with a light-active ZnCe 6 molecule, a covalently attached quinone electron acceptor, and a di-manganese center as electron donor
